study question: Is the age of the father associated with placental weight or the ratio of placental weight to birthweight? summary answer: Placental weight and placental to birthweight ratio increased according to increasing paternal age, also after adjustment
Introduction
Advanced maternal age at childbearing has been associated with increased risk of pregnancy complications (Cnattingius et al., 1992; Jacobsson et al., 2004; Haavaldsen et al., 2010) .
Advanced age of the father has also been associated with pregnancy complications such as miscarriage (Maconochie et al., 2007) , fetal death (Nybo , pre-eclampsia (Harlap et al., 2002) as well as low offspring birthweight (Shah, 2010) . In males, high age has been associated with changes in testicular morphology (Dakouane et al., 2005) , decreased semen quality (Kuhnert and Nieschlag, 2004) , changes in concentrations of reproductive hormones (Kaufman and Vermeulen, 2005) and increased incidence of de novo mutations (Kong et al., 2012) .
A well-functioning placenta is important for the development of the fetus. Several pregnancy complications have been associated with enlargement of the placenta relative to the offspring Shehata et al., 2011; Haavaldsen et al., 2013; Strom-Roum et al., 2013) . Advanced age of the mother and pregnancies after assisted reproductive technology (ART) have also been associated with a large placenta relative to birthweight and also with an absolute enlargement of the placenta (Haavaldsen et al., 2011 (Haavaldsen et al., , 2012 .
For normal development of the placenta, monoallelic expression of genes from both parents is important (Fowden et al., 2011) . Potentially harmful mutations and epigenetic dysregulations may be more frequent in the sperm of elderly men when compared with younger men (BennettBaker et al., 2003; Kong et al., 2012) . Thus, paternal age may have an effect on placental development, independent of maternal age.
We studied the associations of paternal age with placental weight and with placental weight in relation to birthweight in all singleton births in Norway during the years 1999-2009, a total of 590 835 pregnancies.
Materials and Methods
We used data from the Medical Birth Registry of Norway to which all births in Norway have been reported since 1967 (Irgens, 2000) . The reporting of births to the Medical Birth Registry is compulsory and the notification form is completed by the midwife or doctor shortly after delivery. Placental weight has been reported since 1999, and our study population includes all births from 1999 through 2009, a total of 642 977 pregnancies. We restricted the study sample to singleton pregnancies (n ¼ 629 161). Of these, we excluded 8974 births without information on paternal age and 54 births without information on maternal age. Additionally, 23 397 births were excluded due to missing information on placental weight and 959 births were excluded due to missing information on birthweight. Of the remaining 595 777 births, we excluded pregnancies with recorded placental weight less than 25 or more than 2500 g, offspring birthweight less than 250 or above 6500 g, since these values were considered outlying. We excluded births with delivery before 22 or after 45 weeks of gestation, leaving a total of 590 835 births for the data analyses.
Placental weight was measured in grams, and the placentas were weighed fresh with membranes and umbilical cord attached by the attending midwife within 1 h after delivery. Birthweight was also measured in grams, and the newborn was routinely weighed shortly after birth.
By using both placental weight and birthweight in grams, we calculated placental to birthweight ratio. Hence, pregnancies with a high ratio indicated a large placenta relative to offspring birthweight.
Paternal age at delivery was grouped as ,20, 20 -24(reference), 25 -29, 30 -34, 35 -39, 40-44, 45 -49 or 50 years or older. Maternal age at delivery was grouped as , 20, 20 -24(reference), 25 -29, 30-34, 35 -39, 40 -44 or 45 years or older.
Statistical analyses
Within each paternal age group we calculated mean placental weight, birthweight, placental to birthweight ratio and mean gestational age at birth. We repeated these analyses within the maternal age groups. We used one-way ANOVA with Bonferroni-correction to estimate the differences in means across all age groups and between the youngest and the oldest fathers. Correlations were estimated by applying the Pearson's test for correlation.
The placental to birthweight ratios were divided into 10 equal size groups (deciles), where the lowest decile (small placenta relative to birthweight) was coded 1 and the highest decile (large placenta relative to birthweight) was coded 10. We calculated the distribution of deciles of placental to birthweight ratio for each paternal age group among all pregnancies. Differences were tested by x 2 tests. We also studied the distribution of placental to birthweight ratio in pregnancies of women aged 30-34 years only. This maternal age group had the largest proportion of deliveries and also the largest variation in paternal age. Lastly, we estimated the association of paternal age (grouped in 5-year intervals) with placental weight (in grams) using single variable and adjusted linear regression analyses. The regression coefficients (B) can be interpreted as the change in placental weight (in grams) for a one-unit (5 years) change in paternal age. Adjustments were made for maternal age (grouped in 5 years intervals), birthweight (grams), parity, offspring sex, gestational age at birth (in weeks), maternal smoking, pre-eclampsia, maternal diabetes mellitus and pregnancy after ART since these factors have been associated with placental weight and may also be associated with paternal age (Haavaldsen et al., 2012) . Gestational age at birth was based on estimated term date of pregnancy at routine fetal ultrasonographic examination at gestational weeks 17 -19. If fetal ultrasonographic examination was not performed, date of last menstrual period was used to estimate term date (2.75%). Parity was defined as the number of previous deliveries after 16 weeks of gestation (coded 0 or ≥1). Pre-eclampsia was defined as the presence of blood pressure ≥140/90 in addition to proteinuria ≥1, as detected with dipstick after gestational week 20. Diabetes mellitus included type-1 and type-2 diabetes mellitus, gestational diabetes or use of oral anti-diabetic medication during pregnancy. Information on smoking was obtained at the first antenatal care visit, and occasional and daily smokers were defined as being smokers. Pregnancy after ART was coded yes or no and included IVF, ICSI, the combination of both or other methods of ART.
All statistical analyses were performed by applying SPSS version 15.0 (SPSS, Inc., Chicago, IL, USA).
The Norwegian Data Inspectorate and the Advisory Committee of the Medical Birth Registry of Norway approved our study.
Results
In the study sample as a whole, the mean paternal age at delivery was 33.0 years (standard deviation (SD) 6.1), and 13.1% of the fathers were 40 years or older. The mean placental weight was 673.6 g (g) (SD 152.1) and mean birthweight was 3557.9 g (SD 585.6).
Placental weight increased by paternal age (Pearson's correlation; 0.038, P , 0.001). In pregnancies with fathers aged 20-24 year old, the mean placental weight was 656.2 g (SD 147.8), whereas it was 677.8 g (SD 160.0) in pregnancies with fathers aged 50 years or older (P , 0.001). Birthweight also increased by paternal age (Pearson's correlation; 0.026, P , 0.001). It was 3465.0 g (SD 583.8) in pregnancies with fathers 20 -24 year old when compared with 3498.9 g (SD 621.8) when the father was 50 years or older (P , 0.001) ( Table I ).
Placental to birthweight ratio increased with increasing paternal age (Pearson's correlation; 0.023, P , 0.001). The mean placental to birthweight ratio in pregnancies fathered by a 20 -24-year-old man was 0.191 (SD 0.039) and the mean ratio was 0.196 (SD 0.044) if the father was 50 years or older (P , 0.001).
In pregnancies where both the mother and the father were in the oldest age group (mother .45 years and father .50 years, 133 pregnancies) the mean placental weight was 680.4 g (SD 152.8) when compared with 657.4 g (SD 147.3) when both the mother and the father were 20-24 years of age (22 782 pregnancies) (P ¼ 0.07).
Pregnancies with fathers 50 years or older were overrepresented in the highest decile of placental to birthweight ratio (13.0%) and underrepresented in the lowest decile (8.5%) when compared with all pregnancies with younger fathers (P , 0.001). The corresponding figures for pregnancies with fathers 45 -50 year old were 12.1 and 8.7%, respectively (P , 0.001) (Fig. 1a) .
Maternal and paternal age were positively correlated (Pearson's correlation; 0.665, P , 0.001), and maternal age was also positively correlated with placental weight (Pearson's correlation 0.051, P , 0.001) ( Table I ). To minimize confounding by maternal age, we also made analyses restricted to pregnancies in women 30 -34 years. In these pregnancies we found the same pattern as in the study sample as a whole, and pregnancies with fathers 50 year old were overrepresented in the highest (12.2%) and underrepresented in the lowest (7.1%) decile of placental to birthweight ratio (P , 0.001) (Fig. 1b) . In this sub-sample of mothers 30-34 year old, pregnancies with fathers aged 20-24 year old (836 pregnancies) had a mean placental weight of 665.7 g (SD159.3), lighter than in pregnancies with fathers aged 50 years or older (1851 pregnancies) where the mean placental weight was 675.9 g (SD 160.2). However, the difference was not statistically significant (P ¼ 0.13). Corresponding figures for placental to birthweight ratio showed a similar trend, 0.194 (SD 0.038) versus 0.196 (SD 0.052), although again the difference was not statistically significant (P ¼ 0.34).
The placentas in pregnancies fathered by a man 50 years or older were estimated to weigh 21.59 g [95% confidence interval (CI) 17.74-25.44] more than in pregnancies with a 20-24-year-old father (Table II) (P , 0.001). This difference in placental weight was attenuated after adjustment for maternal age, and the adjusted difference was 6.80 g (95% CI 2.72 -10.88) between these two paternal age groups (P , 0.005). The distributions of the other study factors according to paternal age are presented in Table III . After additional adjustment for birthweight only, the placenta was estimated to weigh 12.37 g (95% CI 9.21 -15.53) more in pregnancies with a 50-year-old father when compared with pregnancies with a 20 -24-year-old father (P , 0.001). Further adjustments for parity, gestational length at birth, offspring sex, maternal smoking, preeclampsia, maternal diabetes mellitus and pregnancy after ART did not significantly alter this difference, and the placenta was estimated to weigh 13.99 g (95% CI 10.88-17.10) more in pregnancies with the oldest fathers (Table II) 
Discussion
In this population-based study including almost 600 000 singleton pregnancies, the placental weight and placental to birthweight ratio increased by increasing paternal age, independent of maternal age. Our study included all births in Norway during 1999-2009. Bias caused by skewed selection to study inclusion is therefore unlikely. Mode of delivery may influence placental weighing procedures. The placenta is removed immediately after Cesarean birth, while after vaginal birth, delivery of the placenta may be delayed. This could result in lower placental weight in vaginal deliveries because of increased leakage of blood from these placentas. In our study the Cesarean birth rate increased by paternal age. The rate was 11.8% in deliveries with fathers aged 20-24 and 22.0% with fathers aged 50 or older. Adjustment for Cesarean delivery in additional regression analyses, however, did not alter our results notably (data not shown).
The association of placental weight with paternal age was attenuated after adjustment for maternal age; however, both the father's and mother' age remained independently associated with placental weight. When including birthweight in this regression analysis, the association of high paternal age with placental weight increased. This finding may be interpreted as a relatively higher increase in placental weight relative to birthweight than in placental weight in itself by increasing paternal age. Additional adjustment for parity, gestational length at birth, offspring sex, maternal smoking, pre-eclampsia, maternal diabetes mellitus and pregnancy after ART did not significantly alter the estimated associations. The association of paternal age and placental weight may differ within subgroups of pregnancies. Prior studies have shown conflicting results on association between paternal age and the outcomes of ART pregnancies; however, placental weight was not included as an outcome variable in these studies (Dain et al., 2011; Humm and Sakkas, 2013) . Pregnancies after ART represent a small proportion only of all pregnancies in our study, and a possible differential association of paternal age with placental weight in these pregnancies is not likely to have biased our estimates significantly.
We made separate analyses within pregnancies of mothers aged 30 -34 years to minimize the confounding effect of maternal age. Also in these pregnancies, the estimated mean placental weight and mean placental to birthweight ratio were higher in pregnancies with 50 year old fathers or older when compared with fathers 20 -24 year old.
In mothers, both aging of the oocytes and general aging may play roles for the development of the feto-placental unit (Haavaldsen et al., 2011) . We made adjustments for the presence of pre-eclampsia and diabetes, but also other age-related cardio-vascular factors or age-related factors in the uterus may influence the placental growth. Information on such variables is not included in the Medical Birth Registry of Norway and could therefore not be included in our data analyses. Separation of the effect of age-related factors in the oocyte and the effect of general aging of the mother on placental growth is therefore difficult.
To our knowledge, this is the first study to examine the association of paternal age with placental weight. Several previous studies have, however, reported an independent role of advanced paternal age on the risk of adverse pregnancy outcomes such as miscarriage, preeclampsia, low birthweight and stillbirth (Harlap et al., 2002; Astolfi, et al., 2004; Nybo Andersen et al., 2004; Bille et al., 2005; Kleinhaus et al., 2006; Maconochie et al., 2007; Shah, 2010) . High paternal age has also been associated with schizophrenia and autism in the offspring (Reichenberg et al., 2006; Perrin et al., 2007) .
Impaired placental development may cause small placentas, and pregnancies with impaired placental development may have an increased risk of miscarriage. Thus, the large placentas in pregnancies with older fathers may be interpreted as a result of a positive selection. Hence, in pregnancies that reach delivery there may be a stronger selection, among old when compared with young fathers, of pregnancies with potentials to ................................................................................................................................................................................................. develop a large placenta and thereby optimal placental function. The higher mean birthweight in offspring of older when compared with young fathers supports such explanation. Another plausible interpretation is that age-related genetic changes in the sperm play a role in placental growth (Goriely and Wilkie, 2012; Kong et al., 2012) . In mammals, imprinted genes are important in fetoplacental development and they regulate growth. Imprinted genes regulate growth, morphology and nutrient transfer capacity of the placenta (Fowden et al., 2011) . Epigenetic regulation in the rapidly dividing spermatogonia cells in the testis may be disrupted as a consequence of male aging (Bennett-Baker et al., 2003; Fraga et al., 2005) . Also, older men may be more likely to smoke cigarettes and to have a high alcohol consumption compared with younger men (Nilsen et al., 2013) and smoking is associated with an increase in risk of DNA damage (Zenzes et al., 1999; Venners et al., 2004) . Epigenetic regulation of imprinted paternal genes may therefore have implications for developmental programming and may explain the enlargement of placentas in pregnancies with elderly fathers. Additional factors, beyond paternal genes, but associated with paternal age, may also be associated with development of the feto-placental unit. Paternal age and placental weight such as diet and physical activity and thereby feto-placental growth (Mortensen et al., 2009) . The variation in placental weight is large. Our study cannot explain this large variation, but may contribute to increased understanding of the paternal contribution to placental growth.
Several studies have shown that high placental weight or high placental to birthweight ratio are associated with adverse pregnancy outcome, such as pre-eclampsia, fetal death, low Apgar score and increased admission rate to neonatal intensive care unit Shehata et al., 2011; Haavaldsen et al., 2013) . Also long-term adverse outcome for the offspring has been associated with increased placental to birthweight ratio, such as increased risk of hypertension in adulthood and cardiovascular mortality (Barker et al., 1992; Risnes et al., 2009) . Thus, increased placental weight and placental to birthweight ratio may be indicators of increased risk of complications. Also small placentas have been associated with adverse pregnancy outcomes (Hutcheon et al., 2012) . Our findings suggest that paternal age cannot explain the adverse outcomes associated with a small placenta. Our findings may, however, contribute to increased understanding of the paternal contribution to placental growth.
Conclusion
In our study of all singleton pregnancies in Norway during 1999-2009, we found higher placental weight and also higher placental to birthweight ratio in pregnancies with fathers 50 years or older when compared with pregnancies with fathers 20 -24 year old. The difference remained also after adjustment for maternal age and other possible confounding factors.
